Introduction
Gallium nitride and related compounds are promising materials for optoelectronic and high power electronic devices. Due to the lack of the large area GaN substrates, most GaN films are grown on different kind of materials such as sapphire and SiC. GaN films on sapphire substrates are under large strains and have relatively high dislocation densities because of the differences of thermal expansion coefficients and lattice constants. Dislocations and stresses largely influence the optical and electrical properties of GaN films and GaN-based devices. For the optical property, it is reported that the threading dislocations in GaN films act as nonradiative recombination centers [1] [2] [3] . Moreover, the defect-related broad luminescence, called the yellow luminescence (YL), is observed at 2.2-2.3eV in undoped and n-type GaN [4] [5] [6] . The origin of the YL is still being debated.
In this paper, we measure the band-edge emission and the YL in the Si-doped GaN film on a sapphire substrate by the cross-sectional cathodoluminescence (CL) spectroscopy and discuss the relation between the microscopic luminescence and the threading dislocations.
Experiment
A 2.5µm-thick Si-doped GaN film grown on a c-plane sapphire substrate by metalorganic vapor phase epitaxy (MOVPE) was used in this study. Trimethylgallium (TMG) and ammonia (NH 3 ) were used as the source gases. Monosilane (SiH 4 ) was used as the Si-dopant source. The average carrier concentration is estimated 1.2x10 17 cm -2 from the Raman measurement. The dislocation density in this sample is about 5x10 9 cm -2 from the TEM micrographs. In the cross-sectional CL measurement, Hitachi S-4300SE SEM was used as an exciting electron beam. The emitted light was collected by the ellipsoidal mirror and optical fiber, then analyzed with a Jobin Yvon HR-320 single monochromator equipped with a charge coupled device (CCD). The measurements were performed at room temperature. All spectra were recorded in the mapping area of 5µm x 5µm, by scannning the electron beam in steps of 100nm. We obtained not only intensity but also wavelength and full width at half maximum (FWHM) by fitting Gaussian curves to the observed spectra.
Results and Discussion
The spatial resolution of CL image is determined by the electron beam range (or electron penetration depth) and the diffusion length of minority carrier. The electron beam range becomes large with increasing acceleration voltage. Therefore we have chosen relatively low acceleration voltage to obtain high-resolution images.
Figures 1-(a) and -(b) show the cross-sectional CL intensity images at the band-edge emission (λ=363nm) and the YL (λ=580nm), taken at room temperature with an acceleration voltage of 5kV, respectively. Although the SEM micrograph in this sample shows no morphology, both of the CL intensity images show many dark lines along the c-axis. Moreover, the CL intensity is weak at the substrate interface, where the density of threading dislocations is very high from our preliminary TEM measurements. One dark line is considered to correspond to two or more threading dislocations, because the spatial resolution in these CL measurements is about 200-300nm, which corresponds to the area including two or more threading dislocations on average. The positions of dark lines in the YL intensity image coincide with those of bandedge emission. This means that the threading dislocations act as nonradiative recombination centers. Figs. 1-(a) and -(b) . The band-edge emission shifts toward long wavelength near the substrate. This is mainly explained by the degradation of crystallinity, because the CL intensity also decreases near the substrate as shown in Fig. 1-(a) . Furthermore, a correlation between the FWHM and the peak wavelength is shown in Fig. 3 . Figure 3 supports this explanation; the peak wavelength shifts toward long wavelength as the FWHM is broad. The stress can also affect the peak wavelength of the band-edge emission. However, the stress is not considered to be the main factor of the decrease of CL intensity, because the compressive stress becomes larger at the substrate interface than at the surface from our preliminary Raman measurements.
Then we discuss the YL behavior. The YL shifts gradually from 580nm to 620nm in the observed area. Figure 4 shows a correlation between the FWHM and the peak wavelength of YL. The FWHM shows a strong correlation with peak wavelength. This correlation is characteristic to the donor-acceptor pair emission. After the recombination of an electron in a donor and a hole in an acceptor, the effective charge remains in a donor and an acceptor. The donor-acceptor pair emission energy depends on the distance between the donor and the acceptor R as hv=E g -E A -E D +e 2 /εR with E g , E A (E D ), and ε being the bandgap, the acceptor (donor) binding energy, and the dielectric constant, respectively. Therefore, for small R the luminescence peak blue-shifts, the recombination rate becomes high, and bandwidth becomes sharp. For large R, on the other hand, the luminescence peak red-shifts and the bandwidth becomes broad.
Conclusion
We have investigated the luminescence in GaN film on sapphire substrates by the cross-sectional CL imaging. The positions of dark lines in the YL intensity image coincide with those of band-edge emission, indicating the threading dislocations act as nonradiative recombination centers. The peak wavelength of YL shifts largely from 580nm to 630nm in the observed area. The correlation between the FWHM and peak wavelength implies that the YL is due to donor-acceptor pair emission.
